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ABSTRACT: The widespread development of technologies for green Electrodeposition Hydrogen Evolution Reaction
hydrogen production strictly relies on the availability of durable electrocatalysts — ° '
that can operate in either acidic or alkaline electrolytes while using a limited dectrode ectrode N

Pt

amount of platinum group metals. In this work, we present an effective strategy
based on electrodeposition as a low-cost method to obtain low-loading Ru
catalysts on carbon electrodes for the hydrogen evolution reaction in an acidic  Rucls
environment. The deposition conditions have been investigated and optimized
in order to have uniform coverage, a large number of active sites, and good
electrocatalytic performance. The morphology and chemical structure have
been investigated using scanning electron microscopy and X-ray photoelectron
spectroscopy measurements. Excellent catalytic activity has been achieved with
a Ru loading of 0.06 mg cm?, obtaining an overpotential of 67 mV at 10 mA
cm™2 and a Tafel slope of 50 mV dec™".

KEYWORDS: green hydrogen, sustainable catalysts, electrodeposition, water splitting, ultra low loading

1. INTRODUCTION membrane coating techniques, carbon support, and ionomer
content,” other alternative solutions have been proposed, such
as alloying Pt with other non-noble transition metals,
fabricating it on earth-abundant substrates, or by forming
structures with large surface-to-volume ratios.” > A promising
approach is the use of porous transport electrodes (PTE)
directly coated with the catalyst.® Such an approach has the
advantage of adopting a sustainable material like carbon as a
porous support and covering the whole surface of the porous
layer, thereby improving the active surface area. Compared
with CCM cells, catalyst-coated PTE has shown comparable
cell performance at low current densities and improved
performance at higher current densities.” Moreover, it can be
relevant to reduce production costs through large-volume
production.” PTE catalyst coating by magnetron sputtering’ or
atomic layer deposition (ALD)'°"'* has recently been
demonstrated as a promising method for catalyst loading

Hydrogen has the potential to play a significant role in
addressing global warming impacts and reducing greenhouse
gas emissions. In particular, green hydrogen production
through water electrolysis using the surplus electric power
produced by renewable energy sources relies directly on the
development of eflicient electrocatalysts for the hydrogen
evolution reaction (HER). While the HER can be performed
in either alkaline or acidic environments, the latter condition is
faster and easier owing to the high concentration of protons,
although it is limited by the corrosion of catalysts. In particular,
proton exchange membrane (PEM) electrolysis is a technology
capable of producing high-purity hydrogen gas at much higher
current densities compared with alkaline electrolysis. Due to
their outstanding catalytic activity and chemical stability in
harsh acidic and oxidizing conditions, platinum group catalysts
are commonly adopted as catalysts in PEM electrolysis.

Platinum (Pt) is the most effective HER catalyst in acid reduction.

electrolytes, and it is commonly employed with typical loadings —
between 0.5 and 1.0 mgp, cm™2." In commercial applications, Received: December 27, 2024
loading is usually obtained by catalyst coating of the membrane Revised: ~ March 25, 2025

(CCM) with inks. However, considering the high cost of Pt Accepted: March 26, 2025

and its scarcity, for large-scale deployment of PEM systems, it Published: April 29, 2025

is necessary to reduce its use. While research on lower catalyst

loadings based on CCM mainly focuses on ink composition,
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In this paper, we propose electrodeposition as an efficient,
facile, and versatile method to produce carbon-based PTE with
a low loading of Ruthenium (Ru) catalyst, to be adopted in an
acidic environment. The main advantages of electrodeposition
are its suitability to cover even the internal surfaces of porous
electrodes' and the possibility of obtaining highly porous
catalyst layers, with an increased surface-to-volume ratio.' "
Ruthenium represents an interesting alternative to Pt since it
shares similar intrinsic activity with it in hydrogen bond
strength (265 kcal mol™" for Ru and ~62 kcal mol™" for Pt)'¢
and possesses the merits of relatively low cost (~20% of the
cost of Pt) and excellent durability, thereby becoming an ideal
alternative to Pt for the HER. Recent advances in Ru-based
HER catalysts have mainly focused on the synthesis of
dispersed nanoparticles or even single-atom catalysts'’
supported on different substrates'®'? such as Ru/Ce0,,*’
Ru/MoS,”" Ru alloy,”” and Ru/graphene.”’ However, the
processes for the preparation of the catalysts mentioned above
are usually complicated: they require a large number of steps
or special facilities to deal with harsh reaction conditions.”***
Recently, the excellent stability of Ru on Ni foam obtained by a
wet chemical approach has been demonstrated, especially in an
alkaline environment,”® obtaining a low overpotential of 22
mV to support a current density of 10 mA cm™* with a Tafel
slope of 33 mV dec™" in KOH electrolyte. Although Ru on Ni
foam has been found to perform quite well in acidic electrolyte
as well, it exhibits less satisfactory performance and stability,
mainly because Ni electrodes are not stable in acid and may be
easily corroded.”” Therefore, a facile synthesis of a Ru layer
with a low amount of catalyst on a supporting electrode
suitable for long-term operation in an acidic environment is
worth pursuing. With this aim, in order to ensure efficient
channels for the diffusion of protons and the transit of the
bubbles inside the electrode, carbon felt (CF) with hydro-
phobic treatment and microporous layer has been chosen as
the porous support with high electrical conductivity, excellent
chemical stability, and mechanical flexibility. The HER activity
is related to the number of exposed active sites of catalysts;
therefore, the ability to fabricate Ru-based nanostructures with
tunable porosity and active sites is considered a decisive point
for the catalyst design. In this paper, different Ru electro-
deposition conditions have been investigated, including the
addition of isopropyl alcohol in the deposition solution, in
order to optimize the coverage and morphology required to
achieve the best electrochemical performance in terms of active
surface area, overpotential, and Tafel slope. The optimized
catalyst shows excellent catalytic activity toward the HER in
H,SO,, while maintaining a Ru loading amounting to 0.06 mg
cm™?, well below the limit of 0.5 mg cm™ recommended by
the U.S. Department of Energy Fuel Cell Technologies
Program® for both electrodes combined.

2. EXPERIMENTAL METHODS

2.1. Fabrication of the Electrodes: Ruthenium Electro-
deposition on C-Felt. Ruthenium-loaded electrodes were prepared
by electrodeposition on C-felt substrates according to the following
procedure: C-felt (CF) H23C9, provided by Freudenberg, was
adopted as a substrate. The CF has a thickness of 250 um and is
typically adopted as a gas diffusion electrode, being prepared by the
supplier with a single-sided microporous layer coated with a
hydrophobic layer. The electrical resistance of the C-felt substrate is
0.7 Ohm (in-plane) and the specific area, calculated using the BET
(Brunauer—Emmett—Teller) theory, has been reported to be 0.37
ng_l,z8 corresponding to a surface area of 2000 cm? cm™>. The CF

5699

pieces (1 cm X 1 cm) were immersed in HCl solution (10 mM) with
0.5 or 1 mM RuCl;. The electrodepositions were performed at a
current density of 1.5 mA cm™ in a two-electrode cell with a Pt
counter electrode. The solution was continuously stirred at 300 rpm
during the electrodeposition, and for some samples, isopropyl alcohol
(IPA) was added. After deposition optimization, one sample was
deposited in double steps: for step 1, we adopted a solution
containing 1 mM RuCl;, 10 mM HCI, 5% vol. IPA; for step 2, the
RuCl; concentration was lowered to 0.5 mM, and IPA was not added
to the bath.

As a reference, Pt was electrodeposited on C-felt electrodes™ in a
solution of 1 mM Na,PtCl; and 10 mM HCI for 1000 s while
maintaining a current density of 1.5 mA cm™ After electrodeposition,
all the electrodes were rinsed in deionized water and dried in a
nitrogen atmosphere.

2.2. Morphological and Electrochemical Characterization.
For the morphological, structural, and chemical analyses, we adopted
a scanning electron microscope (SEM) Helios S Dual Beam by
Thermo Fisher. The SEM was employed to perform energy-dispersive
X-ray (EDS) spectroscopy, thus identifying the chemical elements
present in different regions of the electrodes.

The chemical state of the deposited ruthenium was investigated by
X-ray photoelectron spectroscopy (XPS). Spectra were acquired with
a PHI 5600 multitechnique ESCA-Auger spectrometer equipped with
a standard Mg Ka X-ray source. Samples were analyzed with a
photoelectron takeoff angle of 45° (relative to the sample surface) and
with an acceptance angle of + 7°. The XPS binding energy scale was
referenced by centering the C 1s peak at 285.0 eV.

For the electrochemical characterization, linear wweep voltamme-
try (LSV), chronopotentiometry (CP), and electrochemical Impe-
dance Spectroscopy (EIS) were performed using a potentiostat/
galvanostat VERTEX by Ivium Tech. The electrochemical data were
compensated for the ohmic drop potential (iR), and the impedance at
open circuit was analyzed over a frequency range from 10 kHz to 0.1
Hz. All measurements were performed at room temperature in a
three-electrode configuration, adopting a Pt wire as the counter
electrode. The HER activity was evaluated in 0.1 M H,SO,
electrolyte, with Ag/AgCl (3 M KCl) as the reference electrode.
The measured potentials E were converted to the potential vs RHE
(Epug) using the Nerst eq 1, which is as follows:

Epus = E + 0.0591 X pH + E__ )

where Eggr is the potential of the reference electrode vs RHE
(0.207 V for Ag/AgCl). The stability was investigated by monitoring
the voltage as a function of time (transient chronopotentiometry,
TRCP) during a fixed current density of —5 mA cm™

Additionally, to provide a comparison with the acidic medium, the
activity of the Ru-loaded CF electrode prepared by double-step
deposition has also been tested in a neutral electrolyte (0.1 M
Na,SO,). The electrode performance in a neutral medium has been
tested by performing chronopotentiometry at —5 mA cm™ and —10
mA cm™

2.3. Loading Evaluation. It is known from the literature®® that
RuCl; has an adsorption peak around 535 nm. It is therefore possible
to determine the amount of Ru in a solution by UV—vis spectrometry.
We have adopted a spectrometer (Cary 5000 UV—vis-NIR, Agilent)
to measure the absorbance spectra of a set of RuCl; solutions with
well-known concentrations to obtain a calibration curve (Figure SI
la,b). After the calibration procedure, we acquired the absorbance
spectra of the RuCl; solutions employed for electrodeposition before
and after Ru deposition on C-felt substrates. The Ru loading was
calculated as the difference between the Ru amount in the starting
solution and that measured after electrodeposition (Figure SI 1c). We
adopted a spectrophotometric method for the evaluation of Ru
loading because it has the advantage of being a nondestructive
technique and allows measuring the loading exactly in the same
electrode adopted for the electrochemical evaluation.

https://doi.org/10.1021/acsaem.4c03349
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3. RESULTS AND DISCUSSION

3.1. Ru Electrodeposition. Ru electrodeposition on a C-
felt has been conducted at the cathode of a two-electrode cell
at a constant current of —1.5 mA cm ™ in order to produce as
many metal crystal seeds as possible and to avoid Ru oxidation.
This current corresponds to a cell voltage sufficient to produce
the hydrogen evolution reaction at the cathode, in competition
with Ru deposition. As a consequence, hydrogen bubbles may
form and grow in size, reducing the efficiency of deposition. To
mitigate this effect, the solution was continuously stirred, and
in some cases, IPA was added to the solution. The
chronopotentiometry acquired during Ru deposition with
and without IPA is shown in Figure SI 2. IPA is an organic
polar molecule that is usually adopted in industrial processes to
promote wettability. Among other applications, it is used in the
offset printing industry to lower the surface tension on porous
paper’ as well as in the microelectronics and photovoltaic
industries. Many papers have reported that IPA increases the
wettability of the silicon surface during anisotropic etching in
alkaline solutions (NaOH or KOH) and facilitates the removal
of adhering hydrogen bubbles sticking to the Si surface.””*’
Other effects of IPA reported in the literature include the
reduction of the etching rate of the silicon wafer’*>> and the
improvement of surface morphology.36

Ru-loaded C-felt electrodes, prepared according to different
electrodeposition conditions, have been investigated using
SEM, in order to study the effects of RuCl; concentration and
IPA addition on their morphology . Figure 1 shows the
micrographs of C-felt after deposition in a 0.5 mM RuCly
aqueous solution (Figure 1 a,b) or 1 mM (Figure 1 c,d). Using
0.5 mM RuCl;, the Ru coverage is not uniform and tends to
form islands rather than a film. By increasing the Ru
concentration in the deposition bath up to 1 mM, although

CF/Ru 0.5mM

Figure 1. SEM micrographs of C-felt electrodeposited in a solution
containing 10mM of HCI and RuCl; with concentrations of 0.5 mM
(a=b) or 1 mM without (c—d) and with (e—f) IPA addition.

in some fibers, a more continuous layer can be observed, it
appears to lack mechanical stability , exhibiting crack formation
and delamination. This leads to some uncovered areas in the
carbon felt, as shown in Figure Ic,d. Moreover, Ru is not
deposited on the inner fibers. Images at a higher magnification
are shown in Figure SI 3.

The C-felt covered by using 1 mM RuCl; with the addition
of IPA is shown in Figure 1 e,f. In this case, a continuous film is
obtained, with almost complete coverage of the fibers, and the
deposition occurs even in the inner parts. In Figure SI 4 we
show the EDS analysis of the electrode CF/Ru 1 mM with
IPA. The acquisitions made on different areas of the sample
demonstrated that Ru is present everywhere in the form of a
very thin and smooth layer (see Table SI 1 for the atomic
concentration).

Figure 2 shows the micrographs of C-felt after deposition in
0.5 mM RuCl; solution with IPA addition (4% vol). It is clear
that the addition of IPA largely affects the morphology of the
deposited layer, promoting the deposition of a more uniform,
smooth layer, which also reaches the internal fibers of the
carbon felt (Figure 2a). Images at a higher magnification
(Figure 2c) show that the deposited Ru forms a smooth,
almost continuous but porous film, with some small holes,
suggesting that the carbon fibers are not completely covered.

In order to better study the effect of surfactant addition, the
volume of IPA in the deposition solution was varied, and the
corresponding Ru loading was determined by UV—vis
spectroscopy. Figure 3 shows the Ru loading after electro-
deposition on a C-felt as a function of IPA concentration.

The addition of IPA during electrodeposition influences the
Ru nucleation and growth process through several aspects,
including the wettability of the carbon substrate, ion transport,
and reduction of hydrogen evolution, ensuring a uniform
deposition. More specifically, first of all, IPA reduces the
surface tension of the electrolyte, ensuring better wetting of the
porous carbon felt structure. This behavior is commonly
observed in metal electrodeposition when surfactants or
organic additives are introduced.”” Such an effect leads to a
more uniform Ru ion distribution across the electrode surface,
promoting homogeneous nucleation even in the inner fibers of
the carbon felt and thereby enabling a more uniform coverage
of the substrate (Figures 1 ef and 2). Second, the addition of
IPA modifies the local solvation environment of Ru ions,
slowing down their diffusion and reduction kinetics. This
modifies the morphology of the deposited layer, facilitating the
formation of smaller, more uniformly distributed nuclei instead
of irregular or agglomerated deposits. Furthermore, IPA,
adsorbing on the electrode surface, can inhibit the competing
hydrogen evolution reaction occurring during Ru electro-
deposition, preventing hydrogen bubble formation that
disrupts uniform deposition.”® This results in a more efficient
electrodeposition process, as confirmed by the increased
amount of deposited Ru when IPA is added to the solution,
as shown in Figure 3, and by the reduction of cell voltage
during electrodeposition (Figure SI 2).

Some electrodes were prepared through a two-step process.
For step 1, S vol % IPA was added to a 1 mM RuCl; solution
and Ru was electrodeposited for 1000 s. The electrode was
removed from the deposition bath and rinsed. For step 2, the
same electrode was immersed in a fresh 0.5 mM RuCl;
solution without IPA, and the electrodeposition continued at
the same current (1.5 mA cm™") for other 1000s (sample CF/
Ru double). The purpose of this process was to obtain a
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Sample CF/Ru 0.5mM + IPA

Figure 2. SEM micrographs of C-felt electrodeposited with RuCly 0.5 mM with IPA at a low (a), medium (b), and higher magnification (c).
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Figure 3. Ru loading after deposition with different deposition
solutions (0.5 or 1 mM) as a function of IPA vol. concentration.

uniform coverage of all of the fibers during step 1, and to
enhance the surface roughness during step 2, in order to
increase the active surface area. For comparison, another
electrode was prepared by doubling the deposition time, thus
obtaining 2000 s deposition with 1 mM RuCl; solution with
IPA. The comparison among the LSV, shown in Figure SI 5,
demonstrates that the electrochemical performance of the two
electrodes, CF/Ru 1 mM IPA 2000 s and CF/Ru double (1
mM IPA + 0.5 mM no IPA), is markedly different, and much
better performance can be achieved with the double-step
deposition.

The effectiveness of the proposed approach in terms of
morphology optimization was confirmed by SEM analyses.
Figure 4 shows the comparison between (a) the electrode
prepared in one step with 1 mM RuCls, with IPA, resulting in a
very smooth continuous film; (b) the electrode prepared in
one step with 0.5 mM RuCl;, without IPA, exhibiting a rough,
very porous, but nonuniform layer; and (c) the electrode
prepared in two steps (CF/Ru double), with a uniform and
continuous coverage and also a higher surface-to-volume ratio.

3.2. Electrochemical Performance for the HER. The
comparison between the electrochemical performance of
various Ru electrodes is shown in Figure 5 together with
those of bare CF and CF/Pt for comparison. Figure Sa and ¢
shows the LSV (iR-corrected) curves of Ru-loaded electrodes,

evidencing the effect of the addition of IPA in the deposition
solution containing 1 mM or 0.5 mM RuCl;, respectively. In all
cases, the addition of IPA gives rise to better performance in
terms of overpotential.

The computed Tafel slopes are reported in Figure 5b and d
for 1 mM and 0.5 mM RuCl,, respectively. The Tafel slope is
the number of mV required to increase the current by a factor
of 10 (so it is given in mV dec™"). Under certain conditions,
including no other processes contributing to the current, no
mass transport limitations, and no ohmic losses, the rate-
determining step can be extracted from the value of the Tafel
slope.

It is widely accepted that the formation of hydrogen at the
cathode occurs via a multistep electrochemical process.””*" In
acidic conditions, the multistep process includes the following
three reactions:*'

H,0" + e +M - M-H + H,0 (Volmer) @)

M-H + H,0" + e~ - H, + H,0 + M (Heyrovsky)
(©)
2M—-H — 2M + H, (Tafel) (4)

The first step involves hydrogen adsorption onto the
electrode-active site M (Volmer step), with the formation of
hydrogen intermediates (M—H). The subsequent formation of
H, involves the hydrogen evolution reaction of an adsorbed
atom with another H* (Heyrovsky step) and the H, generation
through chemical desorption of two adsorbed hydrogen atoms
(Tafel step). As widely accepted, Tafel slopes of 120, 40, and
30 mV dec™! have been observed for the Volmer, Heyrovsky,
and Tafel rate-determining steps, respectively.”” However, in
multistep mechanisms where the surface coverage of reaction
intermediates may change, the kinetic analysis can be more
complicated, giving rise to ambiguities in the determination of
the rate-limiting step. Despite the detailed kinetics mechanism,
the Tafel slope is a valuable indicator of the activity of a
catalyst, with low values associated with active catalysts, as a

CF/Ru1mM IPA +

400nm

CF/Ru 0.5 mM no IPA ———>  CF/Rul1lmM IPA+0.5mM no IPA

Figure 4. SEM micrographs at a high magnification showing the surface of (a) C-felt electrodeposited with ImM RuCl; with IPA; (b) C-felt
electrodeposited with 0.5SmM RuCl; without IPA addition; and (c) a two-step deposition including the first deposition in 1 mM RuCl; with IPA

and then in 0.5 mM without IPA.
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Figure S. Electrochemical analyses of CF/Ru electrodes. (a), (c), and (e) LSV acquired with a scan rate of 0.5 mV s™! for Ru electrodeposited in 1

mM RuCl;,

0.5 mM RuCl,, or with the double deposition, respectively. (b), (d), and (f) The corresponding calculated Tafel slopes.

smaller overpotential is required to reach a higher current
density. In the case of bare C-felt, the measured Tafel slope is
280 mV dec™!, typical of C-based electrodes and attributed to
its poor conductivity, which also enables a low diffusion rate to
the surface electrode. The values obtained for Ru 0.5 mM or
Ru 1 mM with no surfactant addition are 131 and 125 mV
dec™, respectively, indicating that in this case, the HER
kinetics is still limited by H* adsorption on the active sites,
according to a Volmer—Heyrovsky mechanism. This is
reasonable due to the incomplete coverage of the carbon felt
with Ru (see Figure 1 b and d). The addition of IPA results in
lower Tafel slopes, equal to 100 mV dec™" and 75 mV dec™
for Ru 0.5 mM with IPA 4% or 6%, respectively, and 73 mV
dec™! for Ru 1 mM with IPA 5%, suggesting that the HER
process reasonably occurs through a mixed Heyrovsky—Tafel
mechanism.

The LSV curve acquired for the CF/Ru double electrode is
shown in Figure Se and compared to that of Pt on CF. The
measured overpotential at 10 mA cm ™2 is 67 mV, close to that
of Pt (55 mV). The Tafel slope, evaluated in Figure Sf, is also
quite similar to that obtained for the CF/Pt electrode.

The measured overpotentials # for all the studied electrodes
are summarized in Figure 6, and the data are reported in Table
1.
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Figure 6. Overpotential measured at 10 mA cm™ in all of the

prepared electrodes.

Although the Tafel analysis offers a useful approach to
determine the reaction rate, it may be influenced by other
factors, such as the catalyst area or hydrogen coverage.
Therefore, as a complementary method, we also adopted
electrochemical impedance spectroscopy (EIS) to fully
characterize the catalyst. The EIS measurement involves
applying a sinusoidal potential perturbation to the working
electrode at different frequencies and measuring the resulting
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Table 1. Electrochemical Data of the CEF/Ru Electrodes

7 (mV) @10 mA cm™>  Tafel dope (MV dec™)

CF/Ru 0.5 260 131
CF/Ru 0.5 IPA 4% 160 100
CF/Ru 0.5 IPA 6% 124 75
CF/Ru 1 245 125
CF/Ru 1 IPA 5% 103 73
DOUBLE 67 S0
CF 753 280

current response. The obtained data are illustrated through the
Nyquist plot, which is a common way of representing and
analyzing EIS results. The Nyquist plot, obtained by plotting
the imaginary part of the impedance (usually -Z") as a function
of the real part of the impedance (Z’) is shown in Figure 7. For
all the studied electrodes, the plot has been obtained in the
frequency range from 10 kHz to 0.1 Hz. At high frequency, the
impedance is dominated by the solution resistance R, while at
lower frequency, it is determined by the interaction between
the solution and the catalysts through the charge transfer
resistance (R,) and double-layer capacitance (Cyr ). In order to
evaluate R, and Cgy, from the impedance data, a simple
equivalent circuit containing solution resistance in series with a
constant phase element (CPE) has been adopted, as shown in
the inset of Figure 7 a.

The average double-layer capacitance, C4, (in F), can be
evaluated using eq S, as reported in ref43

Cq = [YdLRct(l_a)]l/a ()

where R is the charge transfer resistance, Yy is the
capacitance parameter in F s “ 7!, and a is the CPE exponent.
The results of the fitting are reported in Table 2.

The values of the parameter « are in the range 0.77—0.87, in
agreement with values reported for PtRu deposited in cavity
microelectrodes.** Assuming a specific capacitance of 60 uF
cm™? as reported in ref45, we have also evaluated the active
surface area. As a reference, the CF surface area evaluated from
the BET area (ref29) has been reported for a 1 cm* CF
electrode.

The comparison between electrochemical data and the
morphology offers some insights into the electrode structure
and the effect of IPA addition in the electrodeposition solution.
The charge transfer resistance is dependent on the contact area
between the supporting carbon felt and the Ru catalyst, while
the active surface area is proportional to the number of active
sites available for the hydrogen evolution reaction. Structured

catalysts with high surface-to-volume ratios are therefore
expected to exhibit higher capacitance; lower resistance is
expected when uniform coverage of the carbon fibers is
achieved. In the case of deposition without IPA addition, the
SEM micrograph in Figure 1 clearly shows that deposition with
0.5 mM RuCl; gives rise to structured islands, with poor Ru
coverage but with a high surface-to-volume ratio; for 1 mM, an
almost continuous Ru film is achieved (at least on the external
fibers), even without IPA. According to this observation, a
slightly lower R is obtained for 1 mM, while a higher
capacitance is achieved with 0.5 mM no IPA deposition. If we
compare the active surface area of CF/Ru electrodes to the CF
BET surface area (about 50 cm? for a 1 cm? electrode), values
corresponding to less than 10% are obtained for Ru
electrodeposited without IPA, again suggesting that the fibers
are not completely covered. A schematic picture of the
deposition process without IPA is shown in Figure 8a.

The addition of IPA increases the wettability of the CF. As a
consequence, the deposition becomes more uniform and also
involves the inner carbon fibers, as sketched in Figure 8b.
Therefore, higher area coverage is obtained, as confirmed by
the lowering of the R, and the increase in the active area. In
particular, for CF/Ru 1 mM IPA, the active surface area is
close to the available area, suggesting an almost complete
coverage of the carbon fibers. Finally, the electrode produced
with the double-step procedure combines the complete
coverage obtained through the deposition with 1 mM RuCl,
and IPA in the first step, with the porous and rough surface
achievable through deposition without IPA, as shown in the
schematic of Figure 8c. This observation is confirmed by the
electrochemical data, clearly indicating an active surface area
larger than the available CF area.

The comparison with the literature data in Table 3 shows
that the uniform coverage plays a significant role in the
electrochemical performance of the electrode. The CF/Ru
double layer indeed exhibits a Tafel slope and an overpotential
value comparable to those presented in the literature for other
Ru-based catalysts operating in acidic environments. However,
in the present work, the Ru amount is much lower—only 0.06
mg cm >—thanks to the improved coverage and optimized
active area. A more comprehensive comparison with Ru
catalysts operating in different electrolytes is shown in Table
SI2. Changing from an alkaline (KOH) to an acidic
environment usually increases the overpotential and the
Tafel slope. The performance further decreases when
considering a neutral electrolyte. This was confirmed by
testing in a neutral electrolyte (0.1 M Na,SO,) in order to

250 o—CF/Ru 0.5mM
—o—CF/Ru 0.5mM + IPA 4%
200 ... * CF/RU0.5mM + IPA 6%
E
Sl i " (a)
N 100 JESS .
o o ° ° 6,
501 ° %,
/A A
=N . kY
0 50 100 150 200 250
Z'(ohm)

Z"(ohm)
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100 ( )
501 o .
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Figure 7. Electrochemical impedance spectroscopy (EIS) spectra (Nyquist plots) and the equivalent circuit adopted to compute Rs, R, Y4, and &
parameters, for the electrodes deposited in 0.5 mM RuCl; (a) or 1 mM RuCl; (b).
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Table 2. Data Extracted from EIS Measurements and the Corresponding Ru Loading. C4; Has Been Calculated by Fitting EIS

Parameters and Applying Equation $§

Cq, (mF cm™2) a R, (Ohm) Active Surface Area (cm™2) Loading (mg cm™?)
CF/Ru 0.5 0.27 + 0.01 0.85 240 4.42 0.02
CF/Ru 0.5 IPA 4% 0.42 + 0.02 0.77 37 7.1 0.066
CF/Ru 0.5 IPA 6% 0.57 + 0.02 0.82 30 9.4 0.075
CF/Ru 1 0.12 £ 0.01 0.87 180 1.92 0.025
CF/Ru 1 IPA 5% 2.1 +0.1 0.85 12 35 0.04
DOUBLE 152 + 0.6 0.83 8 253 0.06
CF 0.043 + 0.003 0.91 1700 50 (from BET for 1 cm? electrode) 0
No IPA (a) IPA (b) Double (c)
1 mmIPA+0.5No IPA
0.5mM - TmM - -
£ £ " - |8
g Ru 5 G Rul & { o o ° o
(@] o ®) ©)
3 ; 8 :
o o o o
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Figure 8. Schematic of the deposition process without or with IPA addition and with different RuCl; concentrations.
Table 3. Comparison with Other Ru-Based Catalysts Reported in the Literature
Catalyst Electrolyte 7 (mV) @10 mA cm™ Tyope (mV dec™) Loading Ref.
CF/Ru Double 0.1 M H,SO, 67 S0 0.06 mg cm ™2 This work
Ni@Ni, P—Ru 0.5 M H,80, s1 35 - 19
Ru/NG-750 0.5 M H,SO, 53 44 - 20
Ru/MoS,/CP 0.5 M H,S0, 96 : ; 21
Pd—Ru 0.5 M H,SO, 26 28 - 22
Ru/GLC 0.5 M H,S0, 38 46 0.400 mg cm™ 23
Ru, o/NF 0.5 M H,80, 47 60 ~1.1 wt % 26
Ru’/CeO, 0.5 M H,S0, 47 41 0.197 mg cm™ or 1.86 wt % Ru 20
Ru-MoO, 0.5 M H,S0, 55 44 0.57 mg cm™ 46

compare it with the acidic environment (see the linear sweep
voltammetry curve in Figure SI6).

3.3. Chemical State and Stability of Best-Performing
Electrode. To investigate more deeply the CF/Ru double
electrode, we also analyzed the chemical composition and
chemical states using XPS. Figure 9 shows the XPS spectra

Ru 3d O1s
Ru® 3ds), — ]
Fuf 3dy, (a) —s::/k Sum (b)
’3" Background —_ Background
@ [T Cis1 3 Ru-O
|7 cCc1s2 S Ru-OH /
= Ru(0) ~ |—Ruco |
2 Ru ox =
s 2
£ 2
- =
290 285 280 540 535 530 525

Binding Energy (eV) Binding Energy (eV)

Figure 9. XPS spectra of (a) the 3d Ru peak and (b) the 1s O peak,
acquired for the as-prepared CF/Ru electrode prepared by double-
step deposition.
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acquired in the region of the Ru 3d peak, which includes two
spin—orbit peaks assigned to metallic Ru (Ru’): Ru 3ds, (with
a BE 0f 280.5 eV) and Ru 3d;,, (BE of 284.6 eV). Additionally,
two peaks at 281.7 and 285.9 eV can be ascribed to some
oxidized Ru,”” Ru**. This observation is complemented by the
analysis of the oxygen 1s region, shown in Figure 9 b. In the
fresh electrode, three contributions are visible: at 529.4 eV,
characteristic of Ru—O species; at 531 eV, due to the presence
of hydroxide surface bonds; and at 532.3 eV, related to the
presence of Ru—C—O interactions.”® Therefore, we can
conclude that the as-prepared catalyst is composed of Ru,
covered by a thin Ru oxide layer.

In order to verify the durability of the best-performing
electrode, chronopotentiometry measurements as a function of
time were performed up to 24 h, as reported in Figure 10a. For
this measurement, the current was kept fixed at —5 mA cm ™
No relevant variation in the potential vs RHE required to
maintain the current was observed, suggesting that no
degradation occurred. Figure 10b shows the comparison
between EIS acquired in the as-prepared electrode and after
24 h of operation. After stress, the charge transfer resistance
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Figure 10. (a) Chronopotentiometry curve under a constant current
of =5 mA cm™2. (b) EIS measurement performed in the as-prepared
fresh electrode and after chronopotentiometry for 24 h.

decreases to 5.5 Ohms, while the Cy undergoes a slight
increase and reaches 16.6 mF cm™.

The XPS analysis performed after 24 h of operation at —5
mA cm™? is shown in Figure 11. To verify modifications of the

Ru 3d
Ru® 3ds),

O1s

—Raw (b)
—Peak Sum
Background
Ru-OH

Ru-C-O

!'(a)

Intensity (a.u.)
Intensity (a.u.)

530

535
Binding Energy (eV)

255 280 540
Binding Energy (eV)

290

Figure 11. XPS spectra of the 3d Ru peak (a) and (b) Is O, after
chronopotentiometry at =5 mA cm™ in 0.1 M H,SO, for 24 h.

chemical state, we have considered the ratio between Ru’ and
Ru*. Initially, it amounts to 66.6%, while after the HER for 24
h, it increases to 89%, indicating that the operation of Ru in a
cathodic region results in its reduction to the metallic state.
The same chemical environment can be deduced from the
comparison of the Ru 3p peak before and after the
chronopotentiometry, as reported in Figure SI 7(ab). The
oxygen peak after chronoamperometry can be fitted by
considering the contribution of only two peaks, related to
hydroxide surface bonds and Ru—C—0O, at 531 and 532.3 €V,
respectively. Therefore, afterchronopotentiometry for 24 h, the
peak of the Ru—O peak at 529.4 eV completely disappears,
confirming the change in the chemical state of Ru at the
surface from Ru*" to Ru’. Accordingly, lower R, was measured
by EIS in the electrode after stress.

To further evaluate the effect of long-term operation, the
morphology of the electrode CF/Ru double has been analyzed
by SEM after 30 h of operation. As shown in Figure SIS, in the
stressed electrode, the Ru film almost completely covers the
carbon fibers and exhibits a rough surface, similar to that of the
as-prepared electrode. Moreover, in the fresh electrode, some
fractures were observed, which, after stress, appear more
pronounced in both number and size, although they do not
affect the electrochemical performance. This could be due to
the reduction of the surface catalyst from Ru oxide to metallic
Ru, as observed by XPS and confirmed by EIS, with a
consequent loss of oxygen atoms and a volume decrease.

The activity of the CF/Ru double electrode has also been
tested in 0.1 M Na,SO, at higher current. The chronopo-
tentiometry at —S mA cm ™ and —10 mA cm™ in Na,SO, is
shown in Figure SI 9. In a neutral environment, the voltage
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required to maintain —5 mA cm™ increases from 100 mV,
obtained in H,SO,, to 350 mV vs RHE.

4. CONCLUSIONS

In this work, we adopted a solution-based technique to obtain
Ru catalysts for operation in an acidic environment. The
catalyst was prepared on carbon felt substrates using
electrodeposition, with the aim of achieving the most suitable
porous support for operation at a low pH value. The
morphology and electrocatalytic properties of the Ru catalyst
supported on carbon felt were investigated as a function of
RuCl; concentration and upon the addition of a surfactant
(IPA) in the deposition solution. The introduction of IPA
during Ru electrodeposition (i) increases the wettability of
carbon felt, facilitating the coverage of the carbon fibers even in
the inner regions, (ii) significantly improves nucleation
uniformity, giving rise to smooth Ru layers, and (iii) decreases
the competing HER occurring during the electrodeposition. As
a consequence, Ru-loaded electrodes electrodeposited with
IPA addition exhibit enhanced electrochemical performance,
with better charge transfer properties and increased active
surface area. To optimize the electrochemical performance, a
double-step process was developed, consisting of one
deposition with IPA followed by a second deposition without
IPA. This approach allows for the combination of the almost
complete coverage of the carbon fibers with a smooth Ru layer,
achievable via electrodeposition with IPA, with the enhanced
surface roughness promoted by electrodeposition without IPA.
In this way, it has been shown that it is possible to maximize
the number of active catalytic sites while maintaining uniform
coverage and Ru loading below 0.1 mg cm™. The proposed
method is effective in obtaining an electrode with overpotential
and Tafel slope comparable to that of Pt, suitable for operation
in an acidic environment, and the electrode stability has been
proven for up to 24 h.
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